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Magnetic reversal on vicinal surfaces
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We present a theoretical study of in-plane magnetization reversal for vicinal ultrathin films using a one-
dimensional micromagnetic model with nearest-neighbor exchange, fourfold anisotropy at all sites, and two-
fold anisotropy at step edges. A detailed “phase diagram” is presented that catalogs the possible shapes of
hysteresis loops and reversal mechanisms as a function of step anisotropy strength and vicinal terrace length.
The steps generically nucleate magnetization reversal and pin the motion of domain walls. No sharp transition
separates the cases of reversal by coherent rotation and reversal by depinning of a 90° domain wall from the
steps. Comparison to experiment is made when appropfadd.63-18208)08338-9

I. INTRODUCTION AND BACKGROUND layers. ClassicaX Y-type spins at each site were presumed to
rotate in the surface plane subject to nearest-neighbor ferro-

Laboratory studies of ultrathin films of transition metals magnetic exchange, an intrinsic fourfold in-plane anisotropy
confirm the general principle that broken symmetry inducesat all surface sites, Zeeman energy from an external field,
magnetic anisotropy? The most common example is the and a twofold anisotropy at island perimeter sites only. Nu-
loss of translational invariance at the free surface of a film omerical simulations and simple geometric scaling arguments
at an internal interface of a multilayer structure. The phe{redicted significant variations in coercivity as a function of
nomenological “broken-bond” model of N# then pro- coverage for layer-by-layer growth at low island nucleation
vides an intuitive way to understand why atoms at the surdensities. This result was found to be in semiquantitative
face or interface favor alignment of their magnetic momentsagreement with the surface magneto-optic Kerr effect
either parallel or perpendicular to the broken symmetry(SMOKE) data of Buckley, Schumann, and Bl&nidr the
plane? In some cases, perpendicular anisotropy occurs that i€u/Co/C001) system. A subsequent Monte Carlo simula-
strong enough to overwhelm the tendency for in-plane magtion study® of coercivity in islanded Fe sesquilayers on
netization favored by magnetostatic shape anisotropy. Thi$/(110 using an in-plane Ising-type spin model yielded
situation can be exploited for a variety of applications andsimilarly good results in comparison to experiment.
has been the subject of very thorough experimental and the- The theoretical results of Ref. 8 were interpretable on the
oretical work® basis of several qualitative concepts: nucleation of mag-

In this paper, we focus on a related phenomenon: th@etization reversal at island edg€$;) pinning of domain
magnetic anisotropy induced by crystallographic steps on thealls at island edges; andii) fusion of nearby domains.
surface of a single crystal film. Here, it is the loss of trans-Unfortunately, even the simple island morphology studied
lational invariance in directions parallel to tireomina) sur-  there was still too complex to permit a detailed analytic treat-
face plane that is germane. Application of théeNenodel —ment of the reversal process as one might desire. For this
suggests that local moments will tend to align themselveseason, we analyze an even simpler problem in this paper:
either parallel or perpendicular to the local step orientationzero-temperature, in-plane magnetization reversal in ultra-
The magnitude of the effedbn a per atom basiss pre- thin vicinal films. The basic model sketched above remains
dicted to be comparable to conventional surface anisotropyunchanged except that the morphology is simplified to a pe-
However, it was not until 1987 that Hillebrands, Baumgart,riodic array of flat magnetic terraces separated by straight,
and Guntherodt invoked step-induced anisotropy to rational-monolayer-height steps. This renders the problem one-
ize their surface spin wave data for epitaxial FéIW0.>°  dimensional and amenable to analytic study.

Since all ultrathin films invariably have step eddassoci- One-dimensional models of magnetization reversal with
ated either with steps on the substrate or with the nucleatiomnhomogeneous or competing anisotropies have been a fix-
and growth of monolayer height islands during the growthture of the magnetism literature for many years. Most of
process it is not surprising that subsequent experimentalthese papers focus on the demonstration that planar defects
studies often cite this phenomenon in connection with “sur-in bulk ferromagnets can nucleate reversal and/or pin domain
face roughness effects.” wall motion. If operative, these effects call into question the

We recently presented a theoretical study of in-planesuitability of the popular single-domain, coherent rotation
magnetization reversal in ultrathin films with step structuremodel of Stoner and Wohlfarthas a description of magne-
typical of as-grown samplésThe model film was comprised tization reversal. Filipot? and later Browf® studied the ef-
of an array of square, monolayer-height, magnetic islands diect of surface anisotropies on the nucleation figitiere the
variable size and density on top of a few complete magnetiecnagnetization first deviates from its saturation valwhile
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Mitsek and Semyannikd® and later Friedberg and P&t Two-fold

focused on the depinning of preexisting reversed domains as step anisotropy Four-fold
a determinant of the coercive fie(dhere the magnetization L terrace
projected on the external field direction first falls to 2eta < anisotropy
recent years, Arrott has been explicit in the application of "‘

these ideas to ultrathin films with and without step N it

structuret® Our analysis will be seen to substantially extend \Non_magnetic \
all of these studies. AN Substrate XN
On the experimental side, Heinriet al." drew attention R

to the fact that a step-induced uniaxial anisotropy must be FIG. 1. Geometry and anisotropies for a monolayer of magnetic
present on vicinal surfaces. Subsequent work confirmed thisiaterial on a vicinal nonmagnetic substrate. The substrate steps are
observatiotf?° and revealed a number of other systematicperiodically separated by a distance There is a fourfold anisot-
features. As particular motivation for the present work, weropy everywhere on the surface, and a strong twofold anisotropy
draw attention to the SMOKE data of Kawakami, Escorcia-localized at the steps.
Aparicio, and Qig' obtained from Fe films grown on
stepped A@O0]) substrates. Characteristic “split-loop” hys- chain and a twofold anisotropy with strengkty to every
teresis curves were found where the degree of splitting varstep site. The sign df, is chosen to favor spin orientations
ied smoothly with the degree of vicinality. The authors in- parallel and perpendicular to the stépdf the sign ofK,
terpreted their results using a single-domain switching modeflavors spin orientation paralléperpendicularto the steps,
where the step edge anisotropy was distributed over the emve apply the external fielti perpendiculafparalle) to the
tire surface. The analysis below will make clear the extent tasteps. These cases are identical by symmetry. Magnetostatics
which this description can be regarded as reliable. contributes to the total surface anisotropy that compels the
The plan of our paper is as follows. Section Il is an over-spins to lie in-plane. For this model, with in-plane spins,
view that includesi) a discussion of the model assumptions; magnetostatics is not treated explicitly because its additional
(i) the definition of important dimensionless quantities andeffects are known to be negligible in the ultrathin lirffit.
the presentation of a “phase diagram” that catalogs the posFigure 1 is a schematic representation of the physical situa-
sible hysteresis loop topologies than can océiir; a quali-  tion and the spin chain model studied here.
tative discussion of the physical mechanisms of magnetiza- For simplicity, we choose units where the lattice constant
tion reversal that can occur; andv) a preliminary ais one andl, K,, K,, andH all have units of energy. To
comparison to relevant experiments. Section Il reports ourecover dimensional units as used in Ref. 8, divileand
mathematical procedures. We define the Hamiltonian useR, by a?, and divideH by u, wherepu is the atomic mag-
and solve the model exactly to extract the physics of zeronetic moment.
temperature reversal in the single-domain and single-step
limits. The intermediate case of multiple steps is formulated
and solved numerically. Section IV is a discussion that
complements the earlier overview in light of our analyticand We organize our discussion of hysteresis in this system
numerical results. We consider the crossover between cohearound a “phase” diagraniFig. 2) whose axes are a scaled
ent rotation and domain wall depinning, discuss relevant exstep anisotropy strengtfiC=K,/20 and a scaled terrace
periments in more detail, and comment on various limitalength £=L/W whereK; is the step anisotropy energy,
tions and extensions of the model. Section V summarizes our v2JK, is the domain wall energy, and/=\J/2K, is the
results and concludes the paper. exchange length. The solid lines delineate four distinct hys-
teresis loop topologies. The dashed lines divide phase Il into
three subvariants.

|17

B. The phase diagram

Il. OVERVIEW

A. Model assumptions 1

We consider a uniformly thick ultrathin magnetic film ad- I Ila
sorbed onto a vicinal nonmagnetic substrate. By flat, we
mean that the film has no island structure, e.g., a film grown K
in step flow modé&? By ultrathin, we mean that there is no
significant variation in the magnetization density in the di-
rection perpendicular to the plane of the substrate terraces.
By vicinal, we mean a sequence of flat terraces of lerigth
separated by monoatomic height steps. We assume perfectly v
straight steps so that the spin configuration is a function only
of the spatial coordinate perpendicular to the steps. The
problem is thereby reduced to a one-dimensional classical i 2. Loop structure phase diagram. The independent vari-
spin chain with ferromagnetic exchange ables are a scaled twofold anisotropy strength at the sfeqmd a
The total surface anisotropy from all sources is presumedcaled step separatiah Roman numerals label four distinct loop
to compel the spins to lie in the plane of the substrate tertopologies. Lower case letters label three variants of phase II. The
races. To model surfaces with cubic symmetry, we assign @ertical and horizontal arrows, respectively, show tfe>« and
fourfold anisotropy with strengthiK, to every site of the L£—c« limits of the nearby phase boundaries.
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(DW) thus forms between the step spins and the remaining
terrace spins. A field-dependent energy bariegy, sepa-
rates this configuration from a configuration where all spins
point nearly 90° from the saturation directioAp,,—0 at

Hg and the domain walls “depin” from the steps and sweep
across the terraces. The accompanying jump in magnetiza-

tion is followed by a continuous segment of the hysteresis
curve that passes through the origin. This is a SW-like re-

gime of nearly coherent spin rotation. During this rotation,
|] | an energy barrieA g, separates the terrace spin configura-
Hy tion from the nearly reversed state. At=—Hy, Agy dis-
b ¢ appears for the terrace spins farthest from the steps and a
HS{I] Hr second jump in magnetization occurs. Reversal completes at

Phase llb differs from phase lla becalk$e>Hy and the

Hy final jump in magnetization carries the system directly to the
H saturated reversed state. The phase boundary is the locus of
points whereHt=H,. Note that there is a small range /of
where one encounters the phase sequence: llth — lla as
L decreases from large values.
Hy Phase Ilc mostly occupies a portion of the phase diagram
I where CL<1. In this regime, the independent domain wall

)"HT description used above is no longer appropriate because the
walls have overlapped to the point where the magnetization
( inhomogeneity across each terrace is not large. The reversal
Hy is better described as nearly coherent rotation, as above,
where the degree of rotation differs for spins near and far
v from the steps. On the other hand, a thin sliver of the lic
phase field extends to very large values/(ofvhere the in-
dependent domain wall picture remains valid. This shows
that there is no rigid correspondence between phases and

FIG. 3. Hysteresis loops. The type of hysteresis loop in different@versal mechanisms. More typically, as in this case, there is
parts of the phase diagrafeee Fig. 2 The scaled parameters for @ Smooth crossover from a domain wall picture to a coherent
each loop are 1K=1.25, £=0.5; lla, K=1.25, £=2.0; llb, K  rotation picture.
=1.1,£=2.0; llc, K=0.5, £=0.25: lll, K=0.5, £L=0.75; IV, K Phase Ill occupies the smallest portion of the phase dia-
=0.5,£=2.0. gram. The step anisotropy here is sufficiently small that a

negative field is needed to nucleate reversal. Otherwise, the

Figure 3 illustrates representative hysteresis loops in eactgversal mechanism is identical to phase lic.
phase. Since all the loops are symmetric with respect to the Phase IV is characterized Hyy<—Hy so that only a
sign of H, it will be convenient to restrict discussion to the Single magnetization jump occurs. In fakly is so negative
situation where the field changes from positive to negativethat the state with terrace spins nearly parallel to the step is
We define three characteristic values of the external fieldnot stable as it was in phase Ill. During the jump, the degree
The first deviation of the magnetization from saturation oc-Of spatial homogeneity of the spin rotation is dictated by the
curs at the nucleation field . A jump in magnetization that magnitude ofCL. Nearly coherent SW reversal occurs when
initiates at the steps is denotéty. A magnetization jump KL<1 while rotation initiates at the step whénC>1.
that initiates on the terraces is denotedd;. Hg=Hy in
phases lic, lll, and IV.

In phase |, all spins rotate continuously from the satura-
tion direction to the reversed direction as the external mag- Two recent experimental studies of magnetization rever-
netic field is reversed adiabatically. Near the left-hand side o$al in thin iron films deposited onto vicinal afidominally)
the phase diagram, the spins rotate nearly coherently asftat surfaces can be interpreted with our phase diagram. Chen
single unit. This is called Stoner-WohlfartBW) behavior*  and Erskiné® studied ultrathin Fe/M001) where the step
But near the right-hand boundary of the phase | field, theanisotropy favors magnetic moment alignment perpendicular
spins near the step edge rotate m@uer unit change in ex- to the step. Their results for an external magnetic field
ternal field than do the spins near the center of the terracealigned parallel to the steps can be compared with our results
There is no hysteresis, i.e., no jumps appear in the magnety symmetry. They observe loops characteristic of phase llI
zation curve, merely more or less spatially inhomogeneouand phase Il for the samples they label “smooth” and
spin rotation. “stepped” for 1.5 ML iron coverage.

In phase lla, spins within an exchange length of a step Kawakami, Escorcia, and Qitipresented a sequence of
rotate away from the saturation directionty in response four hysteresis loops for the Fe/fp1) system that we in-
to the torque applied by the step anisotropy. A domain walkerpret similarly as a transition from phase 11l to phase Il. In

j] —Hy when the step spins finally complete their rotation.

IIc T -Hr

C. Relevant experiments
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this case, the step anisotropy favors magnetic moment align- The constantys appears when we evaluate H) at a
ment parallel to the step and the data they present for thstep. For this purpose, integrate HE) from x=0" to x
external field aligned perpendicular to the step are relevant=0* and use reflection symmetry across the step, i.e.,
More details of this comparison can be found in the Discus-

i i de de
sion section. @ 29 @
dx o+ dx o-
1. QUANTITATIVE ANALYSIS to get
A. General results p
In the continuum limit, the model assumptions stated at ZJ& =K,sin 20s. (5)
o

the beginning of Sec. Il lead us to the following expression
for the magnetic energy per unit length of step for an ultra-gypstitution into Eq(3) yields
thin film on a vicinal surface:

E=fdx

1
+ §K22 8(X—Xg)cOS 26
S

) K ? sinf2 5= H(cosh— cosls) + (cos 40— cos 49s) /2,
1 6
— -K,c0s46—H cosd . . ( ).
2 which relates9; and 5 as desired. The scaled magnetic field

H=H/K,.

_ (1) A second relation betweeé; and 65 can be found that
involves the terrace length explicitly by integrating Eg)
from the center of a terrace to the step edge:

1(do
2\ dx

We remind the reader thdt K,, K,, andH all have units of

energy. The lattice constant is unity so the integration vari- b5 de

able x is dimensionless. The functiof(x) is the angular £=2f .
deviation of the magnetization density from the field direc- or [ H(cosbr— cosé) + (cos 46— cos 49) /2]
tion at pointx. For definiteness, we take the latter to be ()

perpendicular to the steps and pointing down the vicinal The analysis to this point is completely general and forms
staircase of Fig. 1. Note that the twofold anisotropy acts onlyhe pasis for all the approximate analytic and numerical re-
on step edge spins at the discrete positiogs sults that follow. We begin our discussion with two special

'We seek spin configuratioré{x) that correspond to local ~ gjiyations that can be treated in full analytically: the single-
minima of Eq.(1). In general, an energy minimum moves qomain limit and the single-step limit.

smoothly in configuration space aschanges and the corre-
sponding spin configuration and magnetization change
smoothly as well. Apart from accidental degeneracies, the
only exception to this behavior occurs when the energy mini-  This section focuses on the bottom left corner of the phase
mum evolves to a saddle point. At that point, the spin condiagram whereLK<1. This is the Stoner-Wohlfarth limit
figuration changes discontinuously, a new energy minimunwhere only a single homogeneous magnetic domain is
is adopted, and a jump appears in the magnetization curvgresent. The energy per terrace per unit length of &ep
Our goal is to calculate the field values where these jumps-E/L is

occur. Their number and sign distinguish the phases of the

B. The single-domain limit

system. E=— K cos 49+ 1K ,cos 20— H cosb, (8)
The Euler-Lagrange equation that determines the extremal _ ) ~
configurations of Eq(1) is® where the value of the effective twofold anisotrop§s
=K,/L, as can be verified by substitution of a uniform spin
d?e configurationd(x) = 6 into Eq. (1).
e =H Sinf+2K,sin 40— % S(x—xg)Kysin 26. In terms of the magnetizatiokl = cos, we seek the sta-
@) tionary points of the quartic expression

We seek solutions of this equation with the same periodicity E=—K4(2M?=1)2+K,M?~HM, 9)
as the steps. These solutions are parametrized by two COMa the solutions of

stants, the spin angle at the center of each terfaand the ’
spin angle at each stefy;. One equation that relates these

two is obtained as follows. Place the origin=0 at a step, d—E=sin 6[H—H(M)]=0, (10
multiply Eq. (2) by dé/dx, and integrate from the center of do
the terrace X=—L/2) to an arbitrary poink on the same where
terrace. The result is
H(M)=(2K,+8K )M — 16K M3, (12)

2
1
+H cosf+ §K4cos40 The extremal condition is satisfied trivially when the magne-
3) tization is parallel or antiparallel to the field direction where
sing=0. But it is also satisfied by the cubic equatibh

using the fact thatl#/dx=0 at the center of the terrace. =F|(M). In either case, we must have

H lK 40 —lJ do
cosfr+ 5 K4cos467=5J|
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d2E d~( ) where the third derivative is evaluated at

N M
d—ezzcose[H—H(M)]JrsinzG av >0 (12

M= V(2K ,+ 8K ) /48K, (18)

to guarantee that the solution is a local minimum of theie zero-temperature magnetizatiorHat H$. At finite tem-

energy. erature the jump field is smaller thatf by an amount
The first term on the right-hand side of EdQ.2) deter- P ump Hﬁ y
mines the extremal properties of the 80 solutions. The AHO[ (2kgT)? /3K4(2~K2+8K4)]1’3. (19)

=0 solution is a local minimum foH>HY where
Away from the single-domain limit the qualitative effects of

H%: ng 2R2—8K4 (13 finite temperature are the same but are more difficult to treat
: - ) i analytically.
is the limiting value of the nucleation field whefi'<1. The above results can be applied to find analytic formulas

Notice that portions of phases |, Iic, IIl, and IV appear in this oy the three phase boundaries in the lower left corner of the

Im(‘)nt wherg the nucleat|_on fleld-I.N a_nd the flrst_qup field phase diagram. The system is in phase | wiem 20K,
Hsare c()omudgr_n. The= solution is a local minimum for - gjnce as noted, the magnetization curve has no jumps. The
H<—Hy. At finite temperature, spin configurations at local r?manent slope isM/dH=1/(2K,+8K,). For 2K ,>K

. ; = 2 4)- 4 2
minima of the free energy become metastable since thermg4K4, the system is in phase lic. The remanent slope is

fluctuations can excite the system over energy barriers to - - ~ i
lower energy minimum. These fluctuations decrease the arédVl/dH=1/(2K5+8K,). For 4K,>K;>2K,, the system is

of hysteresis loop&’ For example, as the nucleation field is in phase Ill. Phase IV occurs wherk2>K,. Using these
approached from above, the energy barrier to the unsaturatedsults andK,=K,/L, the boundaries between the phases

state goes to zero as near the origin ar&C=5L between phases | and lIf=L
. between phases llc and Ill, arid= 3£ between phases I
AE=(H-H%)?2 _2012_E — (H—H%)2(80K ,— 4K ,)-1 and IV.
=(H=HRY?| —25 ] =(H-HR)A(80K,— 4Ky Y,
(14) C. The single-step limit
where the second derivative is evaluated/igt= 1. At finite The right edge of the phase diagram whére: is the

temperatures a hysteretic jump can occur due to thermal fludimit where the step separation is large compared to the ex-
tuations whenAE is of the orderkgT. ThereforeH9 is a  change length and theomewhat larggrdomain wall width.

lower bound for the jump field. The actual jump field will be In that case, it is sufficient to study the case of a single step
larger than this by an amount bounded by semi-infinite terraces on each side. Our goal

again is to calculate the nucleation fieitl, and the jump
AH%“ \/(80K4—4K2)kBT. (15) fie!ds Hs andH¢. We do this by focu;ing attention on the
spin at the step whereé= 65 and the spins at-« where we
The second term on the right-hand side of Ek) deter-  assume that approaches the constant valée.
mines the extremal properties of tit=H(M) solutions. The fact thatd(x) — 6 asx— % implies that all spatial
Because the coefficient of the cubic term is negative, at mogf€rivatives of¢(x) vanish at infinity. Applying this to Eg.
one of the three solutions to the cubic equation satisfie&?) Yields

dH(M)/dM>0. This means ‘that the magnetization in- H sin 61+ 2K, sin46;=0, (20)

creasegdecreaseswhen the field increase&lecreases a

condition that is met Wheh—l|<|H$| where which determine®+. To find 85, we need only note that the

#+=0 solution to Eq.(20) is valid for large values of the
o 86 K, 512 external field. We therefore substitute this value into &
Hr=—5Ka 1+4_K4 (16)  to find
is the I|m|t|gg value of.the ngp field wheﬁlS< 1. T.h|s !s 1(k2—1)sir2 6= H Sir? = fs. 21)
true unlesK,>20K,, in which case théd=H solution is 2

stable for all values oM and there are no magnetization The identification

jumps for any value of external field. Whef,+8K,<O0,

the H=H (M) solution is never stable and the #r0 solu- HR=8K,4(K?—1) (22
tions are the only local minima. As the jump field is ap-
proached from below, the energy barrier to the saturated sta
goes to zero as

ollows immediately since, by definitiords is very small
ar nucleation. Substitution of E@2) into Eq.(21) gives

_g® 1
AE_z o 1 ¢8| 12 H=H{cog dcos 3 s, (23
=3 (Hr—H) BEFTYE

which is valid so long a®;=0 andH<|HY]|.
The caseHy >0 is relevant to phases lla and Ilb where
H¢ is distinct fromH{ . In particular, the step anglés in-

2 ~
_ 40 13 —1/a
=z (Hr=H) T3Ky(2Ko+8K)T™™, (A7) creases smoothly as$ decreases until the latter reaches



PRB 58 MAGNETIC REVERSAL ON VICINAL SURFACES 9281

HS=0 (24) Combining these results yields the implicit formula
when a magnetization jump occurs because (8. has no L [Hy+8K,
solutions forH<0. The spin configuration just before the —2K,+2yJI(Hy+8K,)tan E\/—J =0 (29

jump is precisely that of a 90° domain wall becaugg o .

— /2 and 6;=0. As noted in Sec. II, the jump occurs be- for the nucleation fieldH, . We obtain a more compact form
cause the domain wall depins from the step and sweepsy defining a shifted and scaled nucleation fielg from
across the terrace so that final state Bés)= /2 andM -

=0. An explicit formula forHF can be found by noting that Hn(K2,Ky,d,L) = = 8K, +8K4H\(K, L) (30)
this jump initiates with the terraces spins-atc. These o~bey and substituting Eq(30) into Eq. (29). The final result

the pure Stoner-Wohlfarth dynamics of Sec. 11B with 5 5

=0. In particular, Eq(20) is identical to Eq(10). The final K=HY%*anK £HY? (31)

magnetization jump thus occurs atHy where gives the nucleation field at any point in the phase diagram.

8.6 Note the limiting formsHy=Kk/L for K£—0 and Hy
:TK“' (25 =K? for KL—o. These are the Stoner-Wohlfarth and
single-step results obtained earlier. The lide=1 can be
This value is a lower bound for the jump field when the regarded as a crossover between the two. We return to this
terrace length is finite because the presence of nearby stepgint in Sec. IV.
retards the final transition to the reversed state. The lic-lll phase boundary is defined kiyy=0, i.e.,
The caseH <0 applies to phases Ill and IV. The above Hy= 1. Substitution of this intg31) gives
discussion shows that at nucleation in phase lll, the saturated
state jumps immediately to the spin configuration that satis- K=tanh( L), (32
fies Eq.(20) with 61#0. This state evolves smoothly until \hich is the equation of the phase boundary drawn in Fig. 2.
the magnetization jump at H7 . In phase IV, there isonlya  we turn finally to a calculation of the jump fieldg in
single jump because now E(R0) has stable solutions only phase Il for large but finite terrace lengths. In this limit, the
at =0 and 6= whenH=HJ. domain wall depinning picture of the jump is appropriate.
The boundaries between the various phases in the limiThe calculation is analogous to the computation in Sec. Il C
L— can be found quite simply. The lla-Ilb boundary is the except that the single-step formyR0) is replaced by a more
locus of points wherél=H, . From Eqs(22) and(25) we  general relation betweefis and 6; obtained from a varia-
get K=(1+6/9)*>~1.13. The IIb-lll boundary occurs tional form for the spin configuration ne&fs.
whenHy=0, i.e.,, X=1. The lll-IV phase boundary is the Just below Eq(24), we observed that the single-step spin
locus of points whereHy=—Hy. This gives X=(1 configurationé(x) just before the magnetization jump g
—\/6/9)12~0.85. takes the form of a 90° domain wall. That is,

H;

— atAx
D. Other analytic results tang=e="", (33

This section presents three analytic results that pertain tyhereA=v8K,/J. Sincefs=m/2 at every step, an appro-
interior portions of the phase diagram. The first is an implicitPriate trial function for a multistep system is obtained by
expression for the nucleation field at any point in the phas@dding together the- wall configurations from Eq(33) in
diagram. The second is an exact expression for the entird® form
boundary between phase lic and phase lll. The third is the

leading correction to the phase Il jump fietf when the tang=tangzcoshix, (34
terrace length is finite. which becomes
For the nucleation field, our interest is the first deviation _
of the spin configuration frond(x)=0. We thus expand Eq. tanfs=tangrcosh’ (35
(2) to first order ino: at each step. Expanding E(B5) for large £ and smalle
420 =7/2— 05 and 6; gives
J——=(H+8K,) 60— 8(x)2K,6. (26) 1
dx B _r
€= ﬁe . (36)
Without the delta function, the appropriate solution to Eq. T
(26) is Performing a similar expansion on E¢{6) and retaining
terms to lowest order it only yield
#=Acosh(H+8K,)/Jx], (27
2
where A is a constant. Similarly linearizing the boundary H:—2H°,f,e’2£+4K46$ (37
condition (5) gives 07
do do when Eq.(36) is used. The jump field
20— =-21—+— =2K,0s. (28 —
dx| dxl_ Hs=2\8K,Hye™* (39
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FIG. 4. Scaled terrace widtld as a function of terrace spin 2 B
angle 6; for £K=1.25 andH=2,3,4,6,9. The value of{ decreases [
monotonically as the sequence of curves is traversed from bottom to ol

top. The horizontal dashed lines labeléd, Lg, and £ are dis- 0
cussed in the text.

is the smallest value ofi for which solutions to Eq(37) FIG. 5. Characteristic fields fokk=1.25. The vertical dashed
exist for some value oy . line £L=L* is the I-lla phase boundary. See text for discussion.

curves is traversed from bottom to top. All the curves ap-

proach either’=0o as #+—0 or possess a semi-infinite ver-

_Numerical methods were used to study three aspects Qfca| segment aw;=0 that begins at the point where the
this problem:(i) calculation of the hysteresis loop@i) de- . ,rve hits the lefi. axis.
termination of the dependence of the jump fields for rep- e now argue that the horizontal dashed line labeled
resentative values dt; and(iii) determination of the phase n4t js tangent to the local minimum of one of the displayed
boundaries in the phase diagram. , curves defines the physical terrace width for which the cor-

The hysteresis loops in Fig. 3 were computed d'reCtlyresponding value ofl is exactlyHs. Hg is encountered by
from Eq.(1). For each choice of control parameters, the evoyeqycing the field from large positive values where the spin
lution of the stable energy minimum was followed by a com-¢qfiguration is saturated. The intersection of the life
bination of conjugate gradienCG) minimization and Spinyth the vertical portion of the curves for large confirms

relaxation dynamics. The initial state was chosen as the satyy o 9:=0 at saturation. Ag{ decreases, the corresponding

rated state and the external field was reversed in small steps, .\ ag eventually intersect the lin& at small nonzero val-
from a large positive value to a large negative value. The CGyoq ot Finally, the intersection occurs at the local mini-

method reliably follows the adiabatic minimum until a mag- mum of one of the curves. This is the curve g because

netization jump occurs, but when a jump connects local enEiny further reduction in field leads to a discontinuous change

ergy minima that are far separated in configuration space, tf}ﬁ 6+ to the only remaining intersection point on the right-

CG scheme often predicts an obviously incorrect final state, <t segment of th&(6) curves.

To correct this, CG was used consistently except in the im- The horizontal dashed line labeleg} that is tangent to

“?ed‘at? vicinity of a jump. Wher_1 it predit_:ted a jum_p, the the local maximum of one of the curves defines the physical
simulation was backed up and spin relaxation dynamics use%rrace width for which the corresponding valuetbis ex-

to find the correct final state. - . - .
S . . actly Hy. But since Fig. 4 is drawn fad >0 only, the jump
egggln% Crlrii}gggf)lef :ﬁ;?gg?af;ggg n?gggﬁ?ggrggneghe%at Ht is encountered by increasing the external field from
g ) b H=0 whereM = 0.2’ The intersection of the ling; with the

to find the jump fields. Jumps in magnetization correspond t?owest field curve shown confirms tha= /2. As H in-

discontinuous changes in the spin configuration. In particuéreases the curves develop a local maximum and the inter-
lar, 96+/9H diverges at bottHg andH . But sincel is a ’ P

. . . ; section eventually occurs at this point. This is the curve of
constant for a given physical situation, it must be the Case, "pecause anv further i in field lead di i
that 17 y further increase in field leads to a discon
tinuous change i+ to the only remaining intersection point
de  aL  aL a6; on the leftmost segment of the&( ;) curves.
m:erﬁm: . (39 The evolution of the nucleation and jumps fields as a
T function of £ found as described above is illustrated in Fig. 5
In this equation/ is regarded as a function 6 andH only ~ for £=1.25. Figure @) confirms the exponential depen-
sincedg is a function ofé; andH from Eq.(6). We conclude dence ofHg on £ predicted in Eq(38). Fig. 6b) shows that
that there is a one-to-one correspondence between the dived~ L X for the last decade of data shown whegre 3.7.
gences of6;/9dH and the zeros odL/96+. The relative values oHy, Hy, Hg were used to con-
The argument above directs us to fiddé;) for any de-  struct all the phase boundaries shown in Fig. 2. Figure 5 is
sired choice offC and H. Once this choice is made, we germane to the I-lla phase boundary. No jump fields exist for
sample many values df; in the interval G ;<w/2. For L</L* andH\>H{>Hgfor £>L*. This is the same ter-
eachd;, we solve Eq(6) for 65 and integrate Eq.7) to get  race length shown in Fig. 4 where the dashed e £*
L. Figure 4 show<(6;) for £=1.25 andH=2,3,4,6,9. The intersects the curve of(#;) for which the extremaand
value of H decreases monotonically as the sequence olfience the jump fielddirst disappear. The I-lla phase bound-

E. Numerical results
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FIG. 8. Characteristic fields fol=1.17. Vertical dashed lines
denote phase boundaries. See text for discussion.

H; for all values of £. We omit a figure that shows the
lic-1lb phase boundaryHs=H,) explicitly.

We note finally that there is a critical point in the phase
diagram c,Lc) whereHt, Hg, andHy are coincident.
This is the point in Fig. 2 where the I-lla, lla-1lb, lIb-llc, and
llc-1 phase boundaries all meet. Our best estimatéCis
~1.10 andL-~0.56.

FIG. 6. Asymptotic behavior of the fieldds and H+—H7 for
large £. Note thatHg=0. (a) Log-linear plot.(b) Log-Log plot.
Straight line has a slope of 3.7.

ary is asymptotically vertical as— . The limiting value of

L% is found from the same procedure as above by putting

0= /2 in Eq. (7). The result isC¥~2.2072. IV. DISCUSSION
Figure 7 shows thel dependence of the nucleation and A. The reversal mechanism

jump fields forK=0.5. The absence of the jump fields de- . . - .

fines the range of phase | as before. The other phases exhilﬁit An important conclusion from our analysis is that a dis

the relative orderings of the characteristic fields discussed i net hy_stere5|s loop t.opo_logy does not .'m.ply. a d|§t|nct
. = . = mechanism of magnetization reversal. This is immediately
Sec. I, i.e.,Hy=0 defines the llc-lll boundary antl;=

" Hy, defines the IlI-IV boundary. Figure 8 shows the nuCle_clear from Fig. 2 where all four phases are present in the

ation and jump fields folC=1.17. The reentrant behavior Ila LA<1 limit of nearly c_:oheren-t rgtation .and three of the four

— llb — lla described in Sec. Il arises because the curves O[r)hases are present in the I|m|§ of W|dely_ separated steps

H+ andHy intersect twice Tﬁe transition from lla to llb at wher.e. reversal occurs by domain wall depinning. No sharp

fixTedE is '\rleadil understobd—| is nearly independent df tr_ansmon separates these cases. Instead the revgrsal mecha-
readily o7 arly P nism smoothly crosses over from coherent rotation to do-

because it is related to terrace spin behavior far from th

. ain wall depinning as the terrace length or step anisotro
steps. ButH decreases rapidly & decreases because the P 9 9 P Py

i ¢ ins is reduced. Eventuaiiv. d bel is increased.
orque on step spins IS reduced. Eventuarly, drops below The crossover is most easily understood for the case of

nucleation which, as noted, always occurs at the steps due to
the torque exerted on the saturated state by the local twofold
anisotropy. WherC K> 1, nucleation results in the formation
of a domain of rotated spins around each step separated from
the unrotated terrace spins by a domain wall. Now suppose
that £ is reduced, say, by increasing the vicinality of the
substrate. The spins on the terrace rotate away from satura-
tion when the domain walls begin to overlap. In the limit
when £<K 1, their rotation becomes indistinguishable
---------------- from the rotation of the step spins and the coherent rotation
picture is a good approximation to nucleation. Alternately,
suppose thak” is reduced, say, by increasing the film thick-
ness or by adsorbing foreign gases onto the steps. This re-
duces the torque on the step spins so that their angular de-
viation from the terrace spins is not as great. In the limit
when< £ 1, this difference nearly disappears and the co-
herent rotation picture is again appropriate.

FIG. 7. Characteristic fields fokk=0.5. Vertical dashed lines We turn next to the first jump fielths. Cowburn, Gray,
denote phase boundaries. See text for discussion. and Bland® have presented a model of reversal for ultrathin
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magnetic films with in-plane magnetization and fourfold an- The authors of Ref. 21 analyzed their data with a single-
isotropy. They assume that the film is well described by adomain model similar to that of Cowburn, Gray, and Bi&hd
single homogeneous domain before and after every jump iexcept that the step anisotropy was distributed across the
the hysteresis curve. Domain walls are presumed to nucleaterraces and the depinning energyvas set to zero. Such a

at widely separated surface steps or other defects. Magnetihodel actually yields no hysteresis at all—just a magnetiza-
zation jumps occur when the energy density gain to make thgon curve with two symmetrical jumps. Magnetic param-
transitionAE is equal to a phenomenological energy densityeters were extracted from the experiment by matching this
e needed to depin the wall from the most effective pin in thejump to the average of what we cafls and Hy. In our

film. o .. 0
. . . opinion, formulas similar to our Eq$13) and (16) for H
This description approximately reproduces our results b as13) (16 2

when L is large if we take account of the inhomogeneousandH'? should be used to analyze the large vicinality data
spin configuration induced by the steps. In SecH} was of Ref. 21.
defined as the field when the energy bardgy, vanished.

Here, Apy=e—AE where C. Extensions of the model

AE=—H/a+20/L+(AlL)e™* (40 It is easy to think of extensions of the model studied here

andA is a constant with dimensions of energy. The first termthat would render the results more directly comparable to
is the Zeeman energy gain of the saturated state compared €sPeriment. Probably the most stringent assumption we
the 90° state. The second term is the energy cost of thBiake is that the magnetic film smoothly coats the vicinal
domain walls near the two steps that bound a terrace. Theubstrate. For relatively small terrace lengths, this is possible
last term represents an effective repulsive interaction beif the deposition is performed at high temperature so that
tween neighboring walls that arises from the overlap of doucleation of islands on the terraces is suppressed and
main walls. The terrace spins in the overlap region pay angrowth occurs in so-called “step-flow” mod&.Otherwise,
isotropy energy, and the energy of the initial state risest is necessary to take account of the effect of these islands
compared to the single-step case. The exponential depeon the hysteresis. This was the subject of a previous paper by
dence on wall separation is familiar from other problemsus for a square island geometry and we can use those results
where periodic domains form, e.g, the commensurateto suggest the effect in the present case.

incommensurate transitidf. For fixed deposition conditions, island nucleation is in-
The conditionA =0 yields the estimate creasingly probable as the terrace length incre&sesr this
reason, we focus on the right-hand side of the phase diagram.
Hs=20/L—e+(AlL)e ~. (4D The magnetization jump atis will be interrupted because

This agrees with E(38) up to the prefactor of the exponen- the domain walls depinned from the vicinal steps will not
tial if e=20/L. This is not unreasonable because the barrieBWeep completely across the terraces. Instead, they will be
for the two domain walls to depin, sweep across their com!€Pinned by the channels between islands. This introduces
mon terrace, and annihilate is associated with a spin configigdditional jump structure into the hysteresis curves and
ration where the two walls are separated by a distance smdikely will alter the coercive field significantly. We expect
compared tol but large compared to the exchange lengthlittle change inH+ but there will be an extra magnetization
W. Of course,e is not distributed across the terrace in anylUmp before final reversal associated with spins that remain
physical sense. It is associated solely with the particular spiRinned in the original saturation direction at island edges

configuration described just above. perpendicular to the vicinal step edges. .
The one-dimensional character of our model arises be-

cause we assumed perfectly straight steps. This is not gener-
ally the case because the desired step-flow growth mode it-
We remarked in Sec. IIC that the shape of the SMOKEself induces a step-wandering instabifttyThis instability
loops obtained by Chen and Erskifdor flat and vicinal  will have the effect of introducing twofold anisotropies in a
ultrathin Fe/WO001) appear(to the eye to be very similar to  variety of directions and a random anisotropy mo¢leith
our phase Il and phase Il topologies, respectively. To segpatially correlated randomnégssight be a suitable starting
that this is not unreasonable, we combine the 25 A terracgoint in the limit of large waviness.
widths reported in Ref. 19 with typical values of the mag-  Nonuniform terrace widths are another feature of real
netic parametersJ~10"2! J, K,~1 mJ/nf, and K, vicinal surfaces that might also be treated in a more complete
~10"2 mJint (Ref. 2 to discover that this experiment cor- model. The result is easy to guess in the pinned limit where
responds taC~1 andK~1. This is indeed in the vicinity of every terrace acts independently. Otherwise, nucleation and
the II-Ill phase boundary. subsequent jumps will occur first in regions of the film with
We assigned the same transition to the data of Kawakamlargest step density and eventually spread to regions of low
Escorcia-Aparicio, and Qfd for 25 ML of Fe on a sequence step density.
of surfaces vicinal to A@01). This is still nominally an Except for the single-domain limit, where energy barriers
ultrathin film because the exchange len@itt+= yJ/2K,~20  can be calculated exactly, we have ignored thermal fluctua-
ML using the values above. In fact, the results of this experitions. At low temperatures thermal fluctuation decrease the
ment lay even closer to the lower left corner of our phasearea of hysteresis loops. At higher temperatures fluctuations
diagram than the Chen and Erskine experiment because tlan qualitatively change loop structure and Monte Carlo
vicinality is greater. methods become appropridfe.

B. Comparison to experiment
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Finally, we have ignored both perpendicular variations in“phases” in a two-dimensional diagram labeled by the natu-
the magnetization and all explicit magnetostatic effects. Foral control parameters of the model: a scaled terrace lefigth
a vicinal surface, dipole-dipole coupling actually induces theand a scaled step anisotropy strengjth
spins to lay in the average surface plane of the entire cfystal The hysteresis loops were characterized by a nucleation
rather than in the plane of the terraces as we have assumdikld Hy, where the magnetization first deviates from satu-
When combined with crystallographic surface anisotropyyration, a step jump fieltHs where a jump in magnetization
this effect induces a twofold anisotropy parallel to the stepsccurs from near saturation to a state where many spins are
at all terrace site$' Such a term is easily included in our aligned parallel to the steps, and a terrace fiéidwhere a
basic energy expressidil) and does not appreciably com- jump in magnetization occurs to the nearly reversed state.

plicate the analysis. For large values off we found Hg~exp(~£) and Hy
~L "X with y=3.7.
V. SUMMARY In all cases, reversal initiates at the steps because the

. . . . torque applied by the local anisotropy is maximal there in the
This work was motlvated_ by the Increasing awareness thalsturated state. No sharp transition separates the cases of
the step structure of ultrathin magnetic films can have a proéubsequent spin rotation by nearly coherent rotation and sub-

found effect on magnetic reversal and hysteresis. Our the%'equent spin rotation by depinning of a 90° domain wall

retical study focused on perhaps the simplest case: a filj,y the steps. It is a crossover phenomenon. The coherent
deposited on a vicinal surface co_mprlsed of uniform le_ngtnotation model of Stoner and Wohlfarth is most appropriate
terraces separated by monoatomic steps. The magnetizatiQn .~ |ower left corner of our phase diagram. The step de-

was assu.m.ed to lay in t_he plane paralle.l to the terraces and fﬁnning picture is most appropriate in the upper right corner
vary negligibly in the direction perpendicular to the terracesys the diagram

and parallel to the steps. We assumed the presence of an 14 o knowledge, all existing measurements of the mag-
intrinsic fourfold in-plane anisotropy at every site and a tWo-p e hronerties of ultrathin films on vicinal surfaces have

fold anisotropy at step sites only. Explicit magnetostatics,qen confined to a relatively small portion of our phase dia-

was ignored. _Attention was direpted to the i_nteresting Casﬁram. We encourage experiments designed to explore the
where one orients an external field perpendicular to the d'femainingterra incognita

rection of the twofold axes. The final model studied was a
one-dimensional, ferromagnetic spin chain in an external
field with spatially inhomogeneous anisotropy.

The analysis was performed in the continu(micromag- The authors acknowledge an intellectual debt to Tony Ar-
netig limit where the spin configuration is represented by arott for the basic premises of this study and they are grateful
function 6(x) that encodes the angular deviation of the mag-to Lei-Han Tang for his contribution to our understanding of
netization from the external field direction. Four characteristhe single-step limit. Ross Hyman was supported by National
tic hysteresis loop topologies were found and designated &Science Foundation Grant No. DMR-9531115.
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